Most studies in evolution are centered on how homologous genes, structures, and/or processes appeared and diverged. Although historical homology is well defined as a concept, in practice its establishment can be problematic, especially for some morphological traits or developmental processes. Metamorphosis in chordates is such an enigmatic character. Defined as a spectacular postembryonic larva-to-adult transition, it shows a wide morphological diversity between the different chordate lineages, suggesting that it might have appeared several times independently. In vertebrates, metamorphosis is triggered by binding of the thyroid hormones (THs) T 4 and T 3 to thyroid-hormone receptors (TRs). Here we show that a TH derivative, triiodothyroacetic acid (TRIAC), induces metamorphosis in the cephalochordate amphioxus. The amphioxus TR (amphiTR) mediates spontaneous and TRIAC-induced metamorphosis because it strongly binds to TRIAC, and a specific TR antagonist, NH3, inhibits both spontaneous and TRIAC-induced metamorphosis. Moreover, as in amphibians, amphiTR expression levels increase around metamorphosis and are enhanced by THs. Therefore, TH-regulated metamorphosis, mediated by TR, is an ancestral feature of all chordates. This conservation of a regulatory network supports the homology of metamorphosis in the chordate lineage.
Metamorphosis, when looked at morphologically, differs strikingly in chordates, which comprise urochordates (such as tunicates), cephalochordates (such as amphioxus), and vertebrates: In ascidian tunicates, all larval tissues are drastically remodeled into the adult animal; in amphioxus, the highly asymmetric larva transforms into a relatively symmetric adult; and, conversely, in some flatfish the symmetric larva becomes an asymmetric adult. This morphological diversity raises the question of whether the molecular mechanisms involved in metamorphosis are fundamentally different from one chordate group to the next or are conserved-at least partially, for instance in their triggering events. By now, numerous studies have identified thyroid hormones (THs) and TH receptor (TR) as key components of gene networks controlling metamorphosis in vertebrates [1] . In contrast, the functional roles of such molecules have been poorly studied in ascidians [2] and not at all in amphioxus, which, albeit being morphologically much more vertebrate-like than any urochordate, is now considered to be part of the most basal group in the phylum Chordata [3] . This phylogenetic position and its morphology make amphioxus an excellent model for the study of the origin of metamorphosis in chordates [4] . Therefore, we have been studying the roles of THs and TR on the metamorphosis of the Florida amphioxus (Branchiostoma floridae).
Premetamorphic amphioxus larvae are conspicuously asymmetric: For example, the mouth is on the left side and there is a single row of gill slits on the right side ( Figure 1A , middle and top). Then, during metamorphosis, approximate bilateral symmetry is established by medial migration of the mouth and the production of a second row of gill slits (Figure 1A, bottom) . We studied whether THs could trigger amphioxus metamorphosis by treating premetamorphic larvae in vivo (in batches of 50, Table S1 available online) with 10 28 M THs (T 3 , T 4 , or reverse T 3 , a T 4 derivative almost inactive in vertebrates [1] ). In early larvae, T 3 promoted metamorphosis with an early onset and a short duration (2.5 days as compared to about 7 days for control animals) ( Figure 1B and Figure S1 , as well as Table S1 ). In contrast, T 4 was less potent, because after 3 days of treatment only 45% of the treated larvae were undergoing metamorphosis, as compared to 98% of the T 3 -treated larvae. Reverse T 3 was considerably less effective than either T 3 or T 4 in accelerating the onset and condensing the duration of metamorphosis ( Figure 1B and Figure S1C ). Because in vertebrates T 3 is mainly formed through deiodination *Correspondence: vincent.laudet@ens-lyon.fr of T 4 , we tested the effect of a deiodinase inhibitor, iodopanoic acid (IOP), on T 3 and T 4 treatments. The addition of IOP partially inhibited metamorphosis in T 4 -treated larvae but had no effect on animals treated with T 3 ( Figure 1B ). This result suggests that in amphioxus, as in vertebrates, metamorphosis is mainly induced by T 3 synthesized by deiodination of T 4 .
The amphioxus endostyle is widely considered to be a homolog of the vertebrate thyroid gland [5, 6] . This organ derived from pharyngeal endoderm of the larva secretes mucoprotein into the gut lumen to help capture particulate food. Both T 3 and T 4 have been detected in the amphioxus endostyle [7] [8] [9] , and we have confirmed these earlier results on T 3 on adult extracts both by high-performance liquid chromatography (HPLC) coupled to mass spectrometry (25 ng/g amphioxus with a relative standard deviation of 12%) and by radioimmunoassays (data not shown). Moreover, by searching the amphioxus genome, we have found orthologs for many of the vertebrate genes encoding proteins involved in the metabolism of THs-for example, peroxidases and deioninases ( Figure S2 and Table S4 ). Taken together, these results suggest that there is an active TH signaling system in amphioxus. The available amphioxus genome sequence, however, does not include a gene orthologous to the gene encoding the vertebrate thyroglobulin protein (the source of the tyrosines of the thyronine skeleton of THs). This result is surprising because of an earlier biochemical identification of a thyroglobulin protein in amphioxus [9] . It remains possible that the gene was not detected in the amphioxus genome, because the coverage is not complete. Moreover, amphioxus, like many other metazoans, does have several genes corresponding to a subdomain (Tg1) of vertebrate thyroglobulin [10] . The amphioxus Tg1 domain proteins might be the source of the tyrosines required for TH synthesis; alternatively, however, such tyrosines might be derived from another protein(s).
Because vertebrate TH effects are mediated by TRs, we cloned the full-length cDNA of the single TR gene, amphiTR ( Figure S3 ) to study the molecular mechanisms controlling amphioxus metamorphosis. The gene encodes a protein with a DNA-binding domain (DBD), which shares 74% sequence identity with human TRa (Figure S3B ), whereas the ligandbinding domain (LBD) is only 38% identical. Not surprisingly, amphiTR binds to DNA on classical TR response elements (TREs) as either a homo-or heterodimer with the single retinoid X receptor (RXR) from amphioxus ( Figure S5 ). In contrast, in the LBD of amphiTR, two of three residues directly contacting the ligand in human TRa are divergent [11] ( Figure S3A) .
We compared the transactivation activity of amphiTR with that of other chordate TRs-namely, TRa from the rat, two TRs from a lamprey-specific duplication [12] ( Figure S4 ), and TR from the tunicate Ciona intestinalis [2] . In comparison to vertebrate TRs, those of amphioxus and Ciona cannot activate reporter-gene expression in transiently transfected mammalian cells after TH stimulation ( Figure 2A , Figure S6 ). Moreover, we did not detect any T 3 binding in nuclear extracts from whole tissues of adult amphioxus ( Figure 2D ), whereas high-affinity binding was detected in cytosol extracts (data not shown). Because amphiTR is nuclear in transfected mammalian cells ( Figure 2E ), TR does probably not bind T 3 in vivo in amphioxus. This hypothesis was confirmed in vitro both by limited proteolysis and mass-spectrometry experiments (Figures 2B and 2C and Figure S7 ), where only a very weak binding of amphiTR to T 3 or T 4 was detected. These results indicate that TR does not bind T 3 in amphioxus (TR does not appear to bind T 3 in Ciona either; Figures 2A and 2B), whereas in vertebrates TRs bind T 3 , thereby activating TR-dependent transcription (Figure 2A) .
The induction of amphioxus metamorphosis by T 3 in the absence of T 3 binding to amphiTR is unexpected. We think that a likely explanation for this paradox may be that some other TH metabolite is active in amphioxus. We thus tested several TH derivatives for their ability to bind amphiTR. One of the compounds tested was triiodothyroacetic acid (TRIAC), which binds mammalian TRs effectively but is present at very low concentrations in mammals and is thus generally considered to have only a minor role in vertebrate TH signaling. In amphioxus, TRIAC was the only TH derivative tested that binds to and significantly activates amphiTR ( Figures 3A, 3B , and 3C). Binding was fairly strong because 100% of amphiTR was in complex with TRIAC in mass-spectrometry experiments (Figure 3A) . In amphioxus, the difference in amphiTR affinity for T 3 and TRIAC probably results from the divergence of two of the key amino acids contacting directly T 3 [11, 13] (Figure 3D ), whereas the binding sites between TRIAC and TR are well conserved between amphioxus and mammals ( Figure 3E ). In transfected mammalian cells, 10 27 M TRIAC activates amphiTR ( Figure 3C ), and at an even lower concentration (10 28 M) TRIAC stimulates recruitment of the coactivator SRC-1 to amphiTR ( Figure 3F ). The absence of significant release of the corepressor NcoR in a heterologous mammalian system 25 M, was monitored with five specific morphological criteria (fully described in the Supplemental Experimental Procedures). Error bars correspond to a 5% confidence interval.
( Figure 3F) probably explains the low level of amphiTR-mediated transcription in our experiments. We thus tested the effects of TRIAC on amphioxus metamorphosis and found that this compound, like T 3 and T 4 , induces larvae to prematurely undergo metamorphosis ( Figure 3G and Table S2 ). In sum, these data strongly suggest that TRIAC or a close derivative is the actual TR ligand in amphioxus. In vivo, a previous study reported the detection of TRIAC in amphioxus adult extracts [8] . For amphioxus larvae entering metamorphosis, it would be desirable to demonstrate a peak of TH production and to identify the active form of the hormone. However, because these larvae are minute in comparison to the adults, such measurements would require an enormous number of larvae and are impractical with current techniques. However, we predict that the physiological TH during amphioxus metamorphosis is a T 3 derivative. Our data and the results from Covelli et al. [8] strengthen the notion that TRIAC is a good candidate.
Previous work in vertebrates has shown that TH activation of TRb and its subsequent autoinduction are transcriptional events triggering metamorphosis [14] . This raises the question of whether amphioxus metamorphosis is similarly triggered. We therefore tested whether THs influence the developmental expression of amphiTR in vivo. Our analysis shows that amphiTR mRNA expression is peaking around metamorphosis ( Figure 4A ) and is significantly induced by T 3 treatment of premetamorphic larvae and adults ( Figures 4B and 4C) as well as by TRIAC treatment of adults ( Figure 4C ). In amphioxus, as in amphibians, we found a putative TR response element that is upstream of the coding sequence of amphiTR and is bound in vitro by the receptor (electromobility shift assay [EMSA] experiments in Figure S9 ). This suggests an involvement of amphiTR in TH-induced metamorphosis. In order to test this involvement, we studied the ability of NH3, a TR partial antagonist [15] , to inhibit spontaneous and TRIAC-induced metamorphosis. Interestingly, NH3 is known to inhibit amphibian metamorphosis [16] . We first checked that NH3 functions as an amphiTR antagonist: amphiTR binds NH3 in vitro ( Figure S8A) , and, in transfected mammalian cells, NH3 prevents TRIAC from activating amphiTR ( Figure S8B ) and from stimulating the recruitment of the coactivator SRC-1 to amphiTR ( Figure S8C ). In vivo NH3 was able to inhibit both spontaneous and TRIAC-induced metamorphosis (Figures 4D and   4E and Table S3 ). It was less efficient on early stages, according to morphological criteria (no conspicuous difference was detected until metamorphosis stage 2; Figures 4D and 4E) , suggesting that less TH is required for early than for late metamorphosis, as in amphibians. Consequently this experiment shows that TR mediates TH-induced metamorphosis in amphioxus, as in amphibians. In sum, amphiTR is likely to play a key role in the TH-induced cascade triggering the metamorphosis of amphioxus. and its acetic-acid derivative TRIAC (E) are shown surrounded by the residues known to make direct bonds with rat TRa [11, 13] . The amino acid at each site is shown for rat TRa (above) and amphiTR (below). Residues identical in amphiTR and rat TRa are boxed. (F) Representation of the mammalian two-hybrid SRC1 and NCOR recruitment assay. The GAL4-amphiTR-LBD chimera was transfected either with the coactivator SRC1 or with the interaction domain of the corepressor NCOR fused to the strong activation domain VP16 in the presence of increasing doses of TRIAC (10 29 M to 10 26 M). Bonferroni corrected Student's t test: * p < 0.05; *** p < 0.001. Error bars represent the standard error of the mean (SEM). (G) The effect of T 3 , T 4 , and TRIAC on the metamorphosis of 12-day-old premetamorphic amphioxus larvae was monitored. Treatments were carried out at 10 27 M. Error bars correspond to a 5% confidence interval.
In this study we provide insights into the history of the TH signaling cascade during chordate evolution. Our data suggest that TH-triggered metamorphosis is an ancestral feature of all chordates. We propose that the upregulation of TR in this process, an event that has been found in all vertebrates studied to date [17, 18] , is conserved in all chordates and is instrumental for the activation of the regulatory-gene network leading to metamorphosis. Given that THs control aspects of postembryonic development in nonmetamorphosing vertebrates, such as mammals [17] , neotenic amphibians [19] , and fishes [20] , we propose that all chordates share a developmental transition controlled by THs. From this broader point of view, chordate metamorphosis can be considered as a postembryonic process controlled by THs and TR, two components forming the most conserved part of the regulatory network controlling metamorphosis ( Figure S10A ). The downstream components of such gene hierarchies are more variable and hence account for the diversity of metamorphic processes observed in chordates [19] , which following this logic should also include processes like mammalian weaning [17] . Consequently, the distinction between direct and indirect development in chordates should be seen more as a difference in the intensity of the response to TH. Accordingly, even if the couple TH-TR controls postembryonic development in both mouse and anourans, TH-regulated gene expression patterns are highly variable between the two species [21, 22] .
Whether TH-regulated metamorphosis occurs in echinoderms, and thus can be considered as a synapomorphy of deuterostomes, is an interesting possibility that remains to be investigated ( Figure S10B ). Indeed, in echinoderm groups, which undergo a metamorphosis involving profound changes in body symmetry, THs have been reported to induce this event [23] , and several genes of the TH signaling pathway have been found in the sea urchin genome (M.P., M.S., F.B. and V.L., unpublished data). The most interesting insight derived from the present study is that TH-induced metamorphosis is an ancient chordate feature that is most usefully defined not morphologically, but genetically-by the presence of a core genetic mechanism based on the two partners TH and TR.
Interestingly, the precise nature of the active TH varies from one lineage to another: Our data suggest that it is not T 3 in amphioxus, and even if THs seem to play a role in the metamorphosis of the urochordate Ciona intesinalis, its unique TR does not bind T 3 [2] . This implies that T 3 might not be the ancestral TH in chordates.
In addition, our results strengthen the old idea that basal chordates already had a dual-function thyroid homolognamely, an endostyle producing both exocrine secretions to capture food and TH to induce metamorphosis [6, 24] . It is likely that, during the evolution of the definitive vertebrate thyroid gland from an ancestral endostyle, the exocrine role 26 M on spontaneous (D) and TRIAC-induced metamorphosis (E) of 12-day-old premetamorphic amphioxus larvae was monitored. TRIAC treatments were carried out at 10 28 M. Error bars correspond to a 5% confidence interval.
dwindled and disappeared while the endocrine production of THs became the major and finally the only function. In cephalochordates, TH-dependent regulation of the transition from a highly asymmetric larva to a relatively symmetric juvenile in the genus Branchiostoma raises the question of how THs affect metamorphosis in the related genus Epigonichthys, which remains conspicuously asymmetric as an adult. Whether this is an instance of neoteny or a different type of metamorphosis remains to be determined. In addition, several enigmatic fossils, including the widely discussed stylophorans [5, 25] , also show asymmetric features. Our conclusion that TH-induced metamorphosis is an ancient feature invites the re-evaluation of these fossils, considering that some could be premetamorphic or neotenic.
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